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FOREWORD

This report is Item AQ02, Final Technical Report, of the Contract Data
Requirements List to Contract N 62269-79~C-0204 between the Naval Alr Devel-

opment Center, Warminster, PA, and the Martin Marietta Aerospace, Denver

Division, Denver, CO. This contract was performed from November 1978 to

August 1979 at Denver, Colorado, The NADC Program Monitor was Mr, John A. Eney

of the Lighter~Than-Air Systems Technology Office; the Program Manager for
Martin Marietta Aerospace was Mr. William L. Marcy.

Thils Final Report completes
the data requirements of the contract,
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Introduction

From 1974 to 1976, the U.S. Navy sponsored a high altitude, powered,
unmantied, super pressure aerostat designed to keep station (within 50 nautical
miles) in winds from 15 to 25 knots at approximately 68,000 feet altitude.
This program, called HASPA, resulted in a conventlonal airship hull shape
displacing 800,000 cubic feet and possessing 3,590 pounds of useful lift,

- A stern-mounted electric motor and gear reduction system drove a 26-foot Ly

! propeller at 144 rpm, producing an estimated 37 pounds of thrust at altitude 4
1 with 80% efficiency. In the operational concept, the vehicle was to be ;

] powered by an array of solar cells for daytime operation and a regenerative f
f?. fuel cell for night operation (the fuel cell would be recharged by additional
solar arrays during daylight). Four test vehicles were built, but due to
Al minor malfunctions of procedure and of hardware, the first two vehicles
. launched were unsuccessful, As a result, the program was halted and directed
A to perform research on components, rather than complete airships, until a
4 high probability of operational success could be assured.

One notable aspect of the vehicle was that, of the 3,590 pounds of |
vehicle weight, the propulsion system was allotted 1,540 pounds to produce ?

3.13 net horsepower at maximum speed, and an average of only 0.93 net HP,

iy
Vot
\..
\
.

& Inasmuch as gasnline engines are available weighing only a few pounds, and 9
allowing a factor of 20 for the low air density at high altitude, it appears
that a suitable powerplant could be had for as little as 100 pounds; allowing
- 200 pounds for a prepeller and reduction drive still leaves more than 1,200
pounds for a fuel system, and this would be sufficient for more than 2,000

;g hours at cruilse speeds. In 1978 the Navy awarded Martin Marietta Aerospace
::. a contract to study alternative propulsion systems for the high altitude

ﬂf' aerostat, now named HI SPOT (High Altitude Surveillance Platform for Over=- .
{li the-Horizon Targeting). The results of that study are the subject of this i
- report. Appendix "A" presents a summary of control studies performed to

' define autopilot requirements; Appendix "B" presents the equations derived
for determining aerostat sizes and weights; and Appendix "C" summarizes

technical contacts and document references used in the study.
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ﬁ The study addressed two tasks: filrst, a survey of current propulsion

ﬁi technology applicable to high altitude aerostats; and second, the appliiation
g of current technology to aerostats performing a specific mission. At the

; same time, the Navy itself addressed the problems of payloads, duration

g at altitude, and upper-altitude winds, resulting in modification of the

l original HASPA operational requirements. For the purposes of the study,

é. the following requirements were set by the Navy: .
‘é? Payload = 200 1b,, requiring 800 watts continuous electrical power

Duration = 30 days minimum

Wind Penetration Capability = 40 to 100 kt

- Average Speed ™ 15 to 47 kt

Station Keeping within 50 nautical miles

- Altitude = 100 to 50 millibare - Altitude keeping not required

A Propulsion System Requirements

'S One of the most heavily criticlzed aspects of the HASPA program was
: that -.s maximum speed of 25 knots was inadequate for station keeping much

;&, of the time. While it 1s true that the Northern hemisphere annual average ﬂ
X wind at the 50 millibar pressure level 1s about 15 knots, with a standard @
> deviation of less than 10 knots, 1t is also true that there are months in %

: which the average wind exceeds 40 knots, with 30 peaks of 110 knots or more.
- An aerostat must therefore have a speed capabllity approaching 100 knots
if it is to have a high probability of station keeping at any given place
and time, even though its average speed over a long period may be only 15
- knots or less. Power required increases approximately as the cube of air-
f; speed; as shown in Figure 1, the 800,000 ft.3 HASPA which requires only
2.8 thrust HP at 25 knots requires 139 HP at 100 knots; a proportional increase
in the propulsion system weight would result in a value of 34.2 tons. Clearly,
it is virtually impossible to brute~force thls problem, and other means must
be sought.

HASPA operated in a length Reynolds number range from 4.3 to 7.2 milliony
-fi at 100 knots, 1ts Reynolds number would be just under 30 million, 1In this
k| range, the turbulent~flow drag coefficient (on V2/3) varles from .025 to .022,
Tn 1966, B. H. Carmichael (ALAA paper 66-657, Ref. 1) reported on some exper-

iments with shaped bodies In which he meawnured a drag coefflcient of 0065 at '

g 4 ?
|
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23 million Reynolds number. Figure 2 compares Carmlichael's hull shape with

the HASPA hull, and Figure 3 compares his drag data with the HASPA estimates

and with theoretical turbulent and laminar drag coefficients. The laminar type,
low drag flow obtained by Carmichael is assured, despite the roughness of

a hull made up of a grid of Kevlar yarn laid over a mylar film, by the low
Reynolds number of the high altitude environment. As presented in Reference 2,

R e ST Ry FETR

the Reynolds number required of a transverase wire to trip &« laminar boundary

layer is about 900, based on the wire diameter. A l. SPOT aerostat flying

at 50 kt ailrspeed at 65,000 feet has a Reynold's number of about 4,000 per ‘
inch, resulting in transverse strand Reynolds numbers of about B80; this is
an order of magnitude less than that required to induce transition.

At 100 knots, an 800,000 ft.3 aerostat with Carmichael's hull would
require only 51.3 thrust HP, While this might require as much as 25,000 1b.
of solar cells, fuel cells, electric motors, and so on, based on the HASPA
system weights, the rotating machinery itself could weigh as little as 500 1b., {
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- and remembering that average power required at 15 knots would be lesa than
1/5 HP (51.3 x .153), a fueled propulsion system might operate for 30 days
] with as little asg 150 1lb., of fuel, We therefore use the hull form developed
: by Carmichael for the HI SPOT asystem, with a 25% increase in drag assumed

pondingly, we consider powerplants in the 5 to 50 HP range, powering aerostats
from 100,000 to 1,000,000 ft.3 at speeds from 15 to 100 kt for our study.

Hv as an allowance for fin, gondola, suspension, and interference drag; corres-

The propulsion system muet provide power for the payload, the auto-
pilot, control and communicatlons systems, and for equipment cooling: a
notable difference between the HI SPOT and HASPA epecifications is that the
H1 SPOT payload requires 800 watts of electrical power, while the HASPA }
required only 200 watts. For our preliminary study, 200 additional watts

of auxiliary power was assumed for onboard f.uctions, for a total electrical
power requirement of one kw, At low crulsing speed these requirements
exceed the power required for thrust, and the fuel required greatly reduces o

the endurance of a fueled vehicle,
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Survey of Propulsion System Types

b A propulsion system congists of an energy storage system, an enerpy
. conversion system, and auxiliary functions; in the HASPA, a solar encrgy
X' collectlion system was included to replenish the storage system during

daylight operations., Table I lists various options for the primary elementsa

b | of the system; we will discuss each of these elements and optilons in order.

x 1
d Energy Sources

% Energy is stored on board the aerostat in the form of mass (fuel,

batteries, fuel cells, etc,), which is converted to energy in the forms

) of electricity or heat by chemical reactions, then expelled overboard or
retained as waste. Some reactions, notably those producing electricity,

ﬁ; are reversible, atd the storage system can be replenished in flight by
converting solar energy or by electromagnetic radiation from the ground.
Since this latter requires large transmitting antennas, unsuitable for over-
- water operations, it will not be considered here. Thern are, then, two ;

- primary energy storage options to be examined for the HI SPOT system!

" electrical storage ~ chemical batteries ;*
| :
- fuel cells j

chemical storage - manopropellant fuels

K bipropellant fuels

.3 fuels burned in air

K Table II compares these options in terms of their inherent specific
encrgles and Lliclr net cutput energles for representative conversion
3 efficiencies, The first notable observation of Table II {s that the enerpgy
ﬁ‘ obtained by using the atmosphere (217 oxygen) surrounding the aerostat is
an order of magnitude higher than the energles obtainable by operating, as i
it were, in vacuum, The second notable ohservation is that conversion of
heat to shaft work is much less efficient than the conversion of electricity;
and the third observation is that, notwithstanding its lower efficlency,
! much more shaft work 1s obtainable from fuel burned in air than from an

, equivalent mass of stored electrical enerpy. 'The advantape of electrical :
2. systems, then, 1s their ability to recharpe by absorbing external enerpy ]
¥, and thereby operate indefinitely, but there 1y ulways some duration limit
. below which expendable cliemlical fuel weighsa less than the equivalent recharpeable

system.

8
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Energy Sources Power Plants Speed Reducers
. Fuels Electrical Motors - ac vs dc Gear Box
Hydrocarbon (Liquid Gas) Engines - Cone/Ball
- Hydrogen (Liquid & Gas) Airbreathing/Turbocharged Belt/Pulley
i Monopropellants Reciprocating Hydraulic - h
L Bi-Propellants (Fuel + Oxidizer) Turbine Wobble Plate .
Stirling High-Speed Pump/Low- !
% Steam (Rankine, Hybrid) Speed Motor H
. Radio | sotopes Electrical - | :
E SNAPIRTG Variable F requency |
3 Variable Voltage 1
! Solar !
i Cells i
i Boilers/Heaters ;
1 Electrical ;
\b Storage Batteries g
Fuel Cells a0

= Table I: Survey of Propulsion System Elements

i Energy Source Specific Representative | Shaft Specific
“i : Energy Output Shaft Energy 3
Btu/lb® Efficiency, (%) Btu/lb | Ib/hp-hr
Storage Batteries
Silver - Zinc 190 80 152 16. 74
Advanced Lithium 1000 80 800 3.18
Fuel Cell (LH2 - L02) 3300 80 2640 . 964
Stored Chemical Fuel
Monapropellant 1411 40 565 4.5
Blpropetiant 2500 40 1000 2,54
Airbreathing Engines
Fuel: Gasoline 18450 30 5540 . 460
Dlesel 17860 33 5890 . 432
Propane 17860 33 5890 L 432
Liquid Hydrogen 23420 3l 7280 .350

*Energy Density Includes Tankage Allowance

Table II: Comparison of Energy Sources

9
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In recent years, reciprocating engines have been demonstrated which
use hydrogen as fuel. Although there are slight gains in cycle efficiency,
the principal advantages of hydrogen are its extremely high heat of combustionm,
approxfumately 50,000 BIU/1b, and its teady combustion at the low ambient
pressure of high altitude. This is mitigated, however, by the difficulty
of containment: hydrogen is cryogenlc, and even in its liquid state, is
a relatively low-density material requiring a large storage volume and
tankage welght approximately equal to the qeight of the hydrogen stored,
Thus, as shown in Table II, the effective energy storage of hydrogen fuel
is reduced from 50,000 BTU/1b. to about 23,000 BTU/1b.; this is an
appreciable advantage over hydrocarbon fuels which average only about
18,000 BTU/1b. (including tankage allowances).

Electrical Energy Converslon

Converting electyicity to rotary motion requires a motor and a speed
controller, Generally, dc systems are simpler and lighter than ac systems,
capecially where the gource is dc. As with other types of motors, high
power-to-waight ratios are obtained by operating at high rotational speed;
for a gilven power, motor welght tends to be inversely proportional to speed.
Output speed and power are easlly controlled by varying the applied voltage;
a wide range of speed-torque characteristics are available.

Figure 4 18 a representative sample of dc motor and controller weights
over the range of power levels; the straight line is the expression used
in the parametric aerostat sizing program. These weights represent current
iron-copper motor technology: advanced concepts such as samarium-cobalt,
electronic commutation, etc., have not been considered, though such technology
is expected to he readily available in the early 1980's,

Heat Energy Conversion

Heat engines can he classified by thelr motion, by their thermodynamic
working cycle, and whether the cycle is open or closed. For rotational
speeds up to 8,000-15,000 rpm, reclprocating piston engines are most common,
converting their motlon to rotation by an cccentric crank; where higher
gpeeds are acceptable and light weight 18 paramount, rotating turbines are
generally used. Open-cycle engines use the hot gases resulting from the
combustion process as a working fluld, exhausting the gas overboard as it

1s produced and used, while closed-cycle engines use a flxed guantity of

S ol e




fluid which is heated and cooled through its thermodynamic cycle by heat
exchangers, Figure 5 compares several of the more highly~developed cycles
(Ref. 3),

The Carnot cycle 18 a4 theoretical cycle consisting of isentropic
compression, heat addition at constant temperature, isentroplc expansion,
and heat rejection at constant temperature. The importance of this cycle
is that it 1s, in theory, the most efficient cycle possible between the
upper and lower temperature extremes., For example, a pasoline engine
operating on a Carnot cycle, with a flame temperature of, say, 2800°F and
a heat-rejection temperature of 100°F would have a cycle efficiency of 82%,
corregponding to a specific fuel consumption of ,167 pounds per horsepower
hour, or about three times more efficient than a good automobile engine,

Both the Stirling and Rankine cycles are capable of Carnot-like effi-
clencies and are generally found as closed-cycle systems, The Rankine cycle,
with various refinements, is commonly used in steam powerplants, and is
highly developed in larpge sizes; while NASA and the Department of Energy
are committed to the development of an automotive engine based on the Stirling
cycle in the next few years., Both these cycles employ relatively heavy
heaters and coolers, and are therefore not competitive where light weight
i8 a criterion. For long endurance, however, fuel consumption cominates,
and these engines can have significantly lower fuel consumption than internal
combustion engines. The low ambient temperature and pressure at high altitude
are partlcularly advantageous to the Rankine cycle, permitting cycle efficiency
approaching 50%, which from Table Y1 18 equivalent to a hydrocarbon sfc
of legs than .316/HP-hr., or about 0.2 1b/HP-hr. using hydrogen fuel, and
over a wide power output range,

Figure 6 presents estimated specific weights and fuel consumption of
turbine driven closed Rankine cycle systems, including burnerk, bollers,
condensers, and high-speed alternator/rectifiecr auxiliary power output, as
well as turbines. These welghts were estimated by analysis based on overall
heat transfer coefficients of 5 BTU/hr/ftZ/”v and other data obtained from
Ref. 4, Because the specific welght increases rapldly for cycle efficiency

above 407%-45%, the 40% value was selected for the aerostat slzing Investigation,

i 3 ek i T




I iac o

fr

£

A
i
2
W
S
)
{0
W+
3

TS

Temper-
ature Comst T | - .
Con;t v E Const T
E ! Const, T
2 Const v
) t
Carnot Stirling Rankine
Entropy Entropy Entropy
Temper-
ature
Diessl Brayton
Entropy Entropy Entropy
Figure 5: Comparison of Thermodynamic Cycles
24r -1.24
20F -.20
.. Specific Fuel
i \\\chn\sumptlon 416
Specific T~ S pecific Fuel
Welght, i 112 Consumption,
Ib/hp ' lb/hp-hr
R J
8 Specific 08
- Weight
ar <.04
A 1 L |
.25 .30 .35 .40 .45 .50

Cycle Efficiency
Figure 6: Hydrogen-Fueled Steam Turbine Characteristics
12

————

s et g e A RS




The internal combustion engine has seen its highest forms of development
in the Diesel, Otto (spark ignition) and Brayton (gas turbine) systems,
! All of these are within a few percentage points of efficiency, though the
Brayton engine 1s generally less efficient than the others and loses effi-
clency very rapidly at off-optimum conditions, The Diesel is usually more
i effictent than the Otto, but 1s also heavier and in the 5-50 HP range 1s
primarily avallable as stationary englnes with constant power output.
However, automotive engines in this range are developing rapidly, with fuel

consumption improvements of 10%-20%.

Since the power output of an alrbreathing engine 1s proportional to
b the density of the alr it ingests, supercharging is necessary to achieve
reasonable power at high altitude. The technology of exhauat-driven turbo~

superchargers 1s active and well~developed, and requires but minor extensilon

i to achieve the 10-15 manifold compression ratio required for engine operation

at 50,000~70,000 feet, The single-stage turbosuperchargers used on current

alreraft, such as the Beechcraft Duke, Mooney 231, and Piper lance, achieve

compreasion ratios of 5; 1t 1s therefore apparent that dusl stages would

be required, However, there is ample energy available in the exhaust gas:
the isentroplc compression ratioc achlevable in expanding from a typical

exhaust temperature of 1600°F (2060°R) to 100°F (560°F) is 95 to 1, while !
expanding and compressing at 70% efficiency (49% overall) results in an

I
0
g exhaust gas temperature of 775°R (315 F) for a compression ratio of 15,
' Additional study is required to determine whether currently available hard-
ware can be adapted to multiple-stage turbocharging or whether new impellotrs

and compressors would need to be developed. Figure 7 presents represen-

tative welght and power data on turbosupercharged reciprocating croeines,

obtained from Ref. 5. The dashed curve 1s an exponential correlation of

L these data, and the solid curve includes a 20% allowance for a more complex

o
SR

starting system and for cooling shrouds and fans; the equation ghown was
. used to determine powerplant weiphts for the aerostat sizing program (Appendix
"B").
The turbocharged diesel engire obtains lower fuel consumptioun than
%, the spark=ignition engine at the expense of higher engine weight, and is
fi therefore superior for long-endurance applications. However, thils Is a
relatively flat tradeoff, and because t'e compression-ignition cycle is
'I algo less suitable for hydrogen fuei .han spark Ignition, diesels have
been largely fgnored in this dtudy.
13
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Two-stroke cycle englnes are generally much lighter than four-stroke
cycle engilnes of the same power. However, thelr fuel consumption is
approximately double that of the four-stroke, they lose efficiency more
rapidly at off-design conditions, and they must be mechanically supercharged
because their efficlency is very sensitive to exhaust back pressure. These
engines are only suitable for mission durations up to 100-200 hours because
of their high specific fuel consumption,

The ultimate lightweight engine is the gas turbine, or Brayton cycle
engine, However, while good specific fuel consumption can be obtained at
design output, the partial-power sfc deterlorates very rapidly, and gas
turbines are therefore not suitable in applications where most of the operating
time 18 at very low power settings as in the HI SPOT., Another disadvantage
of gas turbines is thelr high rotation speed (up to 100,000 rpm in small
sizes); this requires larger speed reductions and therefore heavier weights
to match the engine to the propeller.

Brayton cycle engines are avallable in either open~cycle or closed-
cycle asystems, The Alresearch Corporation, for example, produces both types
a8 auxiliary power units, The open cycle is, of course, the lightest, while
the closed cycle has the advantage of using non-oxidizing working fluid and
thereby operating at higher maximum temperatures to achieve improved efficlency.
However, a clooed Brayton cycle system {8 generally less efficlent than a
closed Rankine cycle system of equal weight, and has therefore not been
considered further.

In summary, three propulsion concepts were selected for the comparative
aerostat sizing task:

1. A turbocharged, gasoline-fueled, spark ignition engine

2, A closed, hydrogen-fueled, Rankine cycle turbine engine

3, A solar-cell, regenerative fuel cell, dc motor system

Comparigon of Propulsion Systems

As shown 1in Fig. 1, an aerostat with & speed range of 20 to 60 kt must
operate at power settings as low as 57 of maximum; as will be shown later,
average operating power is 20% or less, The advantape of a fuel-burning
system over a heavy, constant weight system 1w |uat 1llustrated by examining

an artificlal parameter, the installed-power specific fuel consumption,

15
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defined as the average fuel flow rate divided by the maximum installed

power. Thus, a spark-ignition engine having an average sfc over 1ts power
range of 0.6 1b/HP-hr, would have an installed-power sfc of .06 if operated
at 10% average power; .12 at 20% average power, and so on, This enables

a very simple comparison of the weights of different powerplants, as shown
in Figure 8 for an electric cell system, a Rankine cycle system, and a turbo-
charged spark-ignition system, all designed for 100 kt dash speed with 28 kt
average speed. The electric cell system 18 heaviest, but since 1t collects
and stores solar energy, it requires no fuel, and its endurance is unlimited,
or more properly, is indefinite, The spark-ignition engine is lightest,

but its fuel consumption makes the system weilght equal the welight of the
rechargeable system at 650 to 800 hours, depending on whether gasoline or
hydrogen is used as fuel. Intermediate is the Rankine steam-turbine system;
though the engine installation is nearly twice as heavy as the reciprocating
engine, its fuel efficiency 18 half again as good, and it is superior in
total weight at endurances from 400 to 1100 hou;a.

Propellers

The ideal location for an airship propeller is at its stern: properly
tallored to the wake diameter and velocity distribution, a stern propeller
could restore the wake to freestream velocity and thereby approach 100%
propuleive efficiency (neglecting the fin and gondeola wakes and the energy
losses of the propeller itself)., However, the stern mounting has several
disadvantages:

1. The overhanging weight of the propeller and mount system produces

undeairable bending stresses In the envelope;

2, Long wire runs are required between the central control gondola
and the stern mount, resulting in electrical losses and a weight
penalty,

3., The two widely separated masses of the central gondola and a
stern propulsion module increase the complexity of the launch and

handling procedures,

16
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4, The gondola and the propulsion module represent much of the cost

of the system, and efforts to recover them are warranted. However, ?
if these modules are separated, as with a stern propeller, the b
recovery procedure is more difficult and expensive than 1f recovered )
as a unit,

It is considered that these disadvantages outweigh the efficlency advantages

of the stern location, and a gondola-located propeller has been assumed

for this study.

As shown in Reference 6, propeller weight is proportional to the product B
(poower)l/3 (Diameter)ala, with the proportionality factor determined by -
the propeller material and construction. Power required is determined by .
the aerostat drag coefficient and speed, while diameter is determined by 5
the efficiency desired:

2 2/3 ;3
| p?aly GV |
POTN TH

4 where N1 is the 1deal momentum efficlency of the propeller. For advance ! k
ratios near unity, good propellers achieve at least 907 of their ideal |
efficiency (Ref. 6), and assuming an overall propeller efficlency of 85% Lo
results in the following equations: 1

3 D, = 960 jE; L ;

g N_ = 112,5 V/D
/ P P

[ where the symbols are as defined in Appendix "B". Figure 9 ir¢ a carpet-
- plot of propeller speed as functlions of the aerostat drag coefficient and
the aerostat speed parameter V/L. The important point to be noted, howaver, !
is that efficient propellers for low speed operation must be large iIn |

diameter and must operate at hundreds, not thousands, of rpm; this dictates '

L that speed reducers must be used to match optimized propellers to optimized
enginey,
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Speed Reducers

Two ranges of speed reducers are required: for reciprocating engines,

F‘ order-of ~magnitude specd reductions are required; and for turbine~drive
E¥ systems, the reduction ratio must be about two orders of magnitude.
F‘ There are three basic ways to achieve a reduction in rotation speed:
! mechanical, electrical, or hydraulic; each has advantages and disadvantages.
@! Mechanical Reductions., Mechanical reduction system subclassify as
: geared, belted, or wiain-driven and as single-stage or compound (multiple-
ﬁi stage)} there are also combined systems, and several varieties of geared

systems, As a class, all of these systems are roughly comparable in effi-
i clency, weight, and reliability for a given power!' and reduction ratio. E
Single-stage efficlency up to 987% is obtainable at reduction ratios up to f
F” 1/5; since two to four stages of reduction are required for the HI SPOT, j;
;V: efficiencies range from 90% to 95%. The gear system welght is dominated 1
EW by the output torque required, as shown in Figure 10, which compares geared ;
K" reductions with hydrostatic oil pump and mocor sets., (Data obtained from

i References 7-9).
Hydraulic Reduction. Reduction gearing provides a fixed ratio of
5! output speed to Input speed, and requires a precise geometric alignment

between the input and output. In contrast, a hydraulic pump and motor set can
be operated over a wide range of input/output ratios and with no conastraints
on thelr relative positions, alignments, or motions. Also, the motor can be
tallored to produce a wide range of speed-torque characteristics for matching
to the expected load and is readily controlled, including stopping and
restarting. The penalty pald for this versatility is weight, as shown in
Figure 10; the variable-ratio hydrostatic system requires 50%-100% more

DT DE R STy BT ¥ S

weight than an equlvalent gear reduction system,

Efeccric Speed Reduction. A miniaturized alteirnator, driven at high
speed, can provide rectified de power to drive a relatively slow-speed
motor, thus providing a high degree of speed reduction between the power
3[ spurce and the drive unit, This type of drive is widely used for aircraft

/éccessory drives, such as wing flaps, landing gear, etc. However, the torque

~.

i , obtainable from an electromotive force across the necessary air gap between
Q: ‘/ a stator and a rotor 18 considerably less than that obtaiiable from meshing
[ / gears, and it is readily verified that at hundreds of rpm, an electric motor
f

with an 'integral gear reduction 1is considerably lighter than a low~apeed

motor.
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Summary. Mechanical gearing 1s probably the lightest and most efficient
means of reducing the high speed of a motor or turbine to the speed required
for an efficient aerostat propeller. However, the mechanical system requires
precise alignment between the motor and propeller, and the rigid coupling
provides a ready path for unwanted vibrations and oscillations} it also
tequires that the input speed be varied in order to change the output spced.
In contrast, a hydrostatic drive system renders the input and output shafts
independent of each other in terms of both speed and spatial relation. At
slow motion especlally, the hydraulic motor is considerably lighter than an
electric motor. Finally, hydraulic fluild i1s a ready means of transfertring ' i
and dissipating the heat produced by the inefficiencies of the system., For
these reasons, the hydrostatic drive system was selected for the aserostat

aizing study.,

Summary of Propulsion Technology Assessment ;

In summary, a high altitude powered aerostat based on the Navy Class C
hull would require impossgibly high power to maintain station in winds
exceeding 50-60 knotas, but lower-—drag hull forms are availlable which would
permit speeds in excess of 100 knots, A solar-rechargeable fuel cell system !
welghs tens of pounds per horsepower; replacing this system with a lightwelght
airbreathing engine provides fuel capaclty for hundreds of hours of operation
bafore the engine and fuel system equals the weight of the regenerative fuel
cell-gsolar cell system,

The ideal fuel is hydrogen, due to its ready ignition and its very

high heat of combustion; 1its advantages are reduced hbut not eliminated by
the weight of the eryogenlc containment system required. However, as
exemplified by their widespread use a.d high state of development, gasoline
and diesel fuels are acceptable alternatives, possessing the advantages

of higher density and easy handling and storage.

Two engine types were selected for parametric study: a turbocharged,
spark-ignition, reciprocating engine and a Rankine-cycle steam turbine
engine. The reciprocating engine was selected as the lightest-weight, nost

highly developed system in the 5-50 HP power range, and the Rankine steam

cycle was selected for its low fuel consumption potential at a weight
Intermedlate to the solar-cell/fuel-cell system and the spark-ignition

gystem,
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Large diameter, slow-turning propellers are required for good efficlency
¥ in the HI SPOT speed/altitude regime, The analytical and structural tech=
nologies required are well developed; however, the large size rerults in
propeller weight approaching the engine weight, 7In addition, a speed-
reducing system is required to reduce the engine speed to the propeller
! speed; again, this system equals or exceeds the engine weight. Reduction
{} gearing 1s highly efficient and lighter than a hydrostatic pump and motor
i system; but the hydrostatic system 1s more versatile and vibration free,

Parametric Comparison of Aerostats

!

B Introduction » ' ‘ .

: The purpose of the propulsion technology assessment was to define
parametric equationsg for a comparison of the effects of the propulsion
system on aerostat size. While it is 1lluminating to consider the perfor-
mance of a given aercstat with different types of powerplants, it 1s more
significant to compare aerostats of equal performance, with thelr sizes

. determined by the characteristics of the various powerplants, as this gives
f’ a truer picture of the complexity, cost, and operational comparisons that
should be considered in addition to the performance. All non-propulsion i

E elements are held constant: the hull shape and fineness ratio, fin areas,
This section

F: hull material, control system, auvxiliary equipment, and so on.
presents and discusses the sizes of powered aerostats having two types of
airbreathing propulsion systems, and compares these with the original HASPA

* and with a low-dray, solar-rechargeahle, electrically propelled configuratiov,

T T fnim BB ekl

i Winds

? While the overall wind at the 50 mb pressure level in the middle

E] latitudes of the northern hemisphere averages about 16 knots, this average
}' is not randomly distributed, either seasonally or spatially., 'The seasonal
E: variation 1s extreme, with the day-to-day average wind changing by approxd-
?{ mately a factor of three from winter to summer, and a 1%=2% expectation

oKz, * e

of winter wind speeds at certain locations exceeding 6 times the year-round
average., In order to assure a hiph probabilitv of station-keeping mission

|
|
“i success, the Navy has provided the two winter wind frequency distributions
i
l

presented in Figure 11 for design purposes, representing two areas currently
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of interest for over-the~horizon surveillance., The HI SPOT aerostats are

slzed to achieve 30 days endurance against these wind profiles, with a
maximum speed capability equal to the highest wind expected for 95% of
the time; this guarantees a better than 98% probability of remaining on-
station for 30 days or more the year around,

Because the thrust power required varies approximately as speed cubed,
the fuel consumed over a 30-day interval corresponds to the power required
for a speed considerably higher than the mean wind. Integrating the curva
of thrust power required and computing the airspeed corresponding to the
average power results in the power-average speeds indicated on Figure 11,
These are ubout 59Z of the maximum speed for each profile,

Aerostat Characteristics

Based on Carmichael's high Reynolds number drag experiments, a hull
shape based on a NACA 67030 laminar-flow airfoll profile is chosen for all
configurations, IWlgure 12 lists the geometric characteristics of this
shape in parametric form, and also includes the fin area required to
stabilize the hull in pitch and yaw, based on a correlation of the tail
lengths and aresas of several successful airships, The engine, propeller,
payload, and other subsystems are carried in a single low-drag gondola
suspended below the aerostat at its center of buoyancy. 'The fins are fixed,
with directional control provided by yawing the propeller from side to
side to control the aerostat hieading. This scheme confines all wiring and
control systems within the gondola and thereby reduces weilght. Analyses
of this control system have shown that, though sluggish, it 18 more than
adequate to maintain the aerostat within its required 50 n.m. station-
keeping radius (Appendix "A').

A controlled valve in the hull releasing helium as fuel 1s used in
order to limit the internal pressure to a safe value during the mission.

Figure 13 18 a carpet-plot of the volume requirced to 1ift an aerostat
to the altitudes shown, based on helium of 99% purity. This plot Ls inde=-
pendent of the hull shape; however, the right hand scale indicates the

lenpths of the NACA 67030 hull shapes required to provide these volumes,
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A Kevlar 49 scrlm bonded to a {1lm of aluminized mylar is assumed (or
the hull structure. For simplicity, a uniform scrim, based on the strength
required at the maximum hull diameter and bending moment, i3 assumed. The
required strength 1s determined by first determining the minimum internal
preassure required to prevent aercstat buckling under load, and from that
pressure determining the maximum design pressure resulting from diurnal
heating of the fixed mass and volume of enclosed gas. Because only two
or three percent of the design pressure ls determined by the bending moment,
pressure raquired is dominated by the deslign altitude, and the influence
of silze is negligible,

limited data obtained during the HASPA program indicated that under
long=term loading, Kevlar 49 may faill at loads as low as 50% of its quick=-
break strength, Assuming this, and allowing a design limit strength 2/3
of the long~term ultimate strength, results in a design working satrength
1/3 of the 405,000 psi advertised ultimate strength of Kevlar 49, Using
hoop and longitudinal loads estimated at the maximum diameter of the aevo-
stat, the required mass of Kevlar per square foot is determined, added to
the mass per aquare foot of aluminized mylar gas barrier and adbhesive,
multiplied by the wetted area of the hull to determine the hull weight,
and multiplied again by 122% to account for overlapping seams, relnforcing
patches, and the fin area, as shown in Appendix "B", Figure 14 presents
the estimated structure (hull and fin) wedghts as functions of gpross 14ift
and altitude, The difference between the pross 11ft and the structure
welght represents the weight available for 1ift gas, propulsion aystem,
subsystems, and payload. It can be seen that welght of structure required
for a given 1lift capaclty increases only slightly with altitude, even
though the volume required increases in proportion to the density decrease;
this 18 because the design pressure, and therefore the weight of Kevlar
required for a gilven volume, decreases with increaslng altitude.

As already noted, the HI[ SPOT aerostal must have a substantial specd
capabllity to be sure of keeping station under adversce conditlons, even
though it may cruise at only 15-20 knots for much of the yeac. For the
Inverse square-root drag function shown 1in Fipure 3, Fipurce 15 shiows the
aervatat thrust power required as functions of welght and alrspeod, 1t

{s of Iinterest to note that the l/JR@ drag function climinates the donsity
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from the power equation, producing the simple function, P = j;US /116800
(horsepower, given the weight, W, in pounds and the speed, U, in knots).
For determining powerplant size, these values must be corrected for
propeller and reduction drive efficﬁencies. then added to the 1000 watt
(1.34 HP) auxiliary power requirement; note that at low speeds, the auxi-
liary power exceeds the thrust power required.

Powerplant Characteristics

The parametic study uses equaticns for closed-cycle steam turbine and
turbocharged reciprocating engine weights derived from the data presented in
Figures 7 and 8 (see Appendix "B")., To compare these engines with a solar-
cell/fuel cell system, data from Reference 10 were used.

Current technology in solar arrays yields approximately 125 watts/lb for
a cell oriented toward the sun; assuming that four times as many cells as
this must be used to permit the aerostat heading to be independent of the
solar direction and latitude reduces the vield to 31 watts/lb, which converts
to 23,88 1b/HP. Similarly, an advanced regenerative hydrogen~oxygen fuel
cell now under development (but not available for several years, Ref., 10)
will produce 190 watt-hours per pound, equivalent to 3,93 1b/HP-hr; assuming
a 10 hour charge, l4-hour discharge cycle, the fuel cell must weigh 55.0
1b/HP., (This is consgiderably lighter than the 385 1b, 19.5 HP-hr Apollo fuel
cell envisioned for HASPA I.) Because the fuel cell operates for an assumed
l4-hour perlod, it is sized to provide the power represented by the power-
average crulse speed while the solar array provides the power required
at maximum speed. ' Three conditions can therefore be envisioned during which
the gsolar-regenerative aerostat is inadequately powered: daytime at speeds
near maximum, when the solar cell output is insufficlent to both propel
the aerostat and recharge the fuel cell; nighttime when the average wind
speed exceeds the design cruise speed long enough to deplete the charge
on the fuel cell, and wintertime at high latitude when the day/night cycle
is unbalanced more than the assumed 4 hr toward the night slde and average
solar radiation is inadequate to provide power for both recharging and high

average speed.
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Subsystems, Payload, and Reserves

. Besides the powerplant itself, the aerostat must incorporate a reduction
. drive, propeller, fuel system, conttol and sutopilot system, command/commu-
nications transceiver, pressure valve, equipment cooling, the payload, and

'Fl a gondola in which to house all this., Also, the gross volume includes the

f;f helium which pressurizes the hull, and allowance must be made for errors

and omissions resulting from the simplified parametric equations presented

in Appendix "B'"., Propelliers and reduction drives have already been discussed,

£,

SRR e e

and parametric data for their weights have been derived. Assuming liquid

hydrocarbon fuel, the fuel containment and distribution system is assumed
as 1/25 of the fuel weight (typical for unpressurized aluminum tanks; for
cryogenic hydrogen, the containment system is taken as 1.135 times the
hydrogen weight (insulated/Dewar tank system). As a rough approximation,
and following normal alrcraft practice, all other equipment is taken as
welghing 40 1lb plus 1/20 of the engine, reduction drive, and payload weight 7
(representing controls and conling systems), plus the 200 1b payload itself. ;
HASPA (Ship No. 2; battery powered) carried avionics weighing 187 1b, plus
257 1b of recovery parachute, de/ac converters, equipment cooling system,

STk e

e

X and power distribution system. However, as an engineering development

?F vehicle, the avionics included both a ground-commanded autopilot and an

i automatic navigation system, as well as engineering instrumentation and

: telemetering equipment., These walghts are ;herefore consldered as excessive
N for an operational design. Also, it is considered that the large reinforced
box framework of the HASPA gondola is not appropriste to an operational

5 vehicle design, For sizing purposes, therefore, aluminum monhocogne

ST e ket el e T ol e B imms Sl = v

construction is assumed, and the gondola weight Lls assumed as 20 1lb for
. shock attenuation and miscellaneous provisions plus 1/25 of the propulsion,

subsystems, and payload weights allowed for the structural shell, attach

5 points, and suspension system,
Qf Finally, 10% of all weight except the hellum and fuel is reserved

. (added) as a contingency allowance for unforeseen growth and to guarantee

an identiflable conservatism in the results to bhe presented..




Results of Parametric Sizing

% Using the equations presented in Appendix "B", acrostat size has heen
determined for 30 days endurance at altitudes of 50,000 and 65,000 feet

for a matrix of crulse and dash speed capabilities and for aerostats

with reciprocating alrbreathing engines, Rankine steam turbine engines,

and solar-rechargeable electric systems. Carpet~plot results are presented
in Figures 16, 17, and 18, The ailrbreathing systems are much more sensitive

N

to crulse speed requirements than to maximum speed, while the solar-
rechargeable system 1s about equally sensitive to either. At low speeds,
all configurations seem to be comparable, while at high cruilse speeds, the

T

rechargeable systems appear smaller. For all powerplant types, increasing

. the design altitude increases the gross 1lift required to achieve the desired
- performance, This ia because the reduced density requires a larger and
heavier bull to carry a given equipment weight.

- ' Figure 19 compares the three typea of aerostat systems sized to achieve
ﬁi the same performance, with maximum speed as the varilable; the HASPA aerostat
&' is also included. The HASPA vehicle, resized to benefit from up-to-date
materials, solar cell, and fuel cell technologies, would still require
excesslve slze to carry a payload at speeds above 45-50 knots, Introducing

RO ST

T

i aaT¥e s R

SR

%5 the low-drag hull conflguration, but retaining the indefinite-endurance g
%‘ . propulsion system, still requires a 9,300 1b gross weight (approximately é
. 2.3 x 10° ft3) for a 100-knot speed capability, at which weight a recipro- |

;‘

cating engine vehicle would have nearly 1200 hours (50 days) endurance,

3 and a steam~turbine vehicle would have 88 days endurance at cruise speeds,
However, note that for maximum design specds less than about 80 knots, the
indefinite-endurance configurations are substantially lighter than the
fuel-burning configurations, and since this 1s in the speed range of the
wind dietributions used, would satisfy year~round station keeping require-
ments over much of the northaern hemisphere. At higher latitudes, however,
larpe increases in solar cell capacity would be required to offset the low
solar angle and unbalanced day-night cycle; this would cancel out the

welght advantage of the solar-rechargeable system.
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Figure 20 compares aevostats with the three types of propulsion systems

| in terms of cruise speed, all with BO kt maximum speed capability. Tn this

! case, the lighter configurations are found to be the fueled systems, at

: cruilse speeds below 27 kt, and the solar-rechargeable system at higher cruise
speeds; the fueled systems are much more sensitive to increasing speed require-
ments (for 30 days endurance) than is the solar-rechargeable system. Finally,

! Figure 21 compares the endurance of two equal-size aerostats (800,000 ft3,

2 . 3,930 1lb gross 1ift) as functions of cruise speed, Each aerostat has a

| 39,5 HP powerplant giving it a dash capability of 79 kt. Both configurations

i are quite comparable, with the turbocharged, gasoline engine having about

a 2-day endurance advantage at all speeds, As can be inferred from Fig. 20,

& a solar-rechargeable configuration with these speed capabilities is virtually

PR

: the same size.

,4 In general, the lightest vehicles are the solar-rechargeable electric

! gyatems; the fueled systems are lighter only if the maximum speed is greater
than about 80 knots, or if the ratio of the maximum to cruise speeds 1a ,

E large (3 or more), However, there are other factors to consider. E q
' First, the installation, checkout, and launch in a limp state of Aeveral :
thousand square feet of solar cells is an enormous, labor-intensive fYask, _
and would probably require that the aerostat be launched in an iInflated, f
pressurized condition to achleve satisfactory operation. Second, the
regenerative fuel cell must be charged with liquid hydroger., thus requiring §
cryogenic storage and nandling at the launch site, (Thir is true also for !
. the hydrogen-fualed airbreathers), Third, additional solar cell capacity
must be carrled 1f the aeroatat 18 to operate at high latitudes, and addi-

?' tional fuel cell capacity is required for an unbalanced day/night cycle;
these factors diminish or even eliminate the weipht advantage.

L 2 e e e e

On the other hand, the fueled systems are confined entirely within

g the gondola and require no circuitry, sensors, or controls on the envelope

other than the pressure control valve, and thuy can operate throughout their

[ R

speced range Independent of place and time of day. Moreover, a gasoline-
fueled vehlicle requires about 500 1lb of gasoline just to provide the 800

wattd of payload power for 30 days; an inert payload of 700 Lb could there-
fore be carried as easily as the 200 lb, 800 watt payload by simply offloading

fuel.
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The endurance of the fuel users can also be increased by loading
more fuel: the weight~carrying capacity of an 800,000 ft3 envelope is
3,930 1b at 68,000 ft, 4,540 1b at 65,000 ft, and a whopping 9,370 1b
at 50,000 ft, Of course, some of this welght must be used to reinforce

the hull against the higher pressures it must sustain, and to incvease the

power so that the design speeds can be attained. Nevertheless, the air-
breathing vehicle has a broader, more flexible range of operating conditions
than the solar-rechargeable system,

In summary, the solar-rechargeable system is lighter, but more complex
to construct and handle, and less flexible in its operating parameters,
than 18 the airbreather. Finally, accepting the complexity of a hull-
mounted solar collection system, the fuel consumption of a steam turbine
gystem could be halved by employing solar heaters to heat the condenser
water to as much as 300°F, using fuel only for the final heating stages.

Conclusions

In conclusion, we have found that adequate technology now exists to
build high altitude aerostats with aspeed capabilities as high as 100 knots,
elthaer with solar-rechargeable fuel cells having indefinite endurance, or
with alrbreathing combustion engines having limited endurance but great
flexibility of operations and simplified systems. The principal achievement
»! this study, other than the assessment of propulsion technology, L1s the
application of low drag hull forms having laminar-like drag coefficients
to the high altitude, station keeping aerostat.

The most promising propulsion system studied is the steam turbine
system, possessing an energy conversion efficiency of at least 40% and
capable of improving to as much as 70% with solar heating.
turbocharged reciprocating engine to power a lightweight aerostat with
» speed capability of 100 knots and 30 days endurance against northern
lwmisphere winter winds. Technology advancements projected for the next
710 years, but not discussed in this report, can improve this performance
ctubstantially. Similar advancements projected for clectric motors and
controllers In this time perliod will result in large weight reductions

In solar-rechargeable systems as well,
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APPENDIX "A"

CONTROL STUDIES
R. 0. Hookway

Hi-Sppt'Control Concepts

The Hi-Spot control system must meet a very simple requirement: The
aerostat must remain within 50 nautical miles of its demignated station. This
requires that the aerostat posess a heading control, a speed control, a navigation
ot tracking system, and a loglc circult to vaty these parameters in the presence
of changing wind speed and directicn,

Heading control is provided by vectoring the thrust axis in the direction
of travel desired and allowing the weatbercock stability of the hull/fin
combination to null out the resulting sideslip. This confines the control, sensor,
and power circuitry to the gondola, and thereby simplifies the hull, reduces
welght, aud eases the fabricatlon, checkout, and launch procedures. The principal
disadvantage of this systew is that, because the aerostat thrust/weight. ratio is only
about 1/100, the turning force available is rather small, the maximum rate of turn is
therefore slow, and the minimum turning radius about 5 n.m, However, this is only
1/10 of the maneuvering space available, and station-keeping should therefore
be no problem.

Previous studies have shown that a bang-bang control éystem containing
predictive logic makes more efficlent use of the relatively low control forces
available for dirigible flight contrnl, In the bang-~bang conftiguration, when
appropriate control force is needed Lhe propeller is driven in the proper
direction to 1ts maximum position at the maximum gimbal rate,whereuss with a
linear system the propuller slowly returns Erom the extreme commanded position
to lesser deflections until control errors are nulled. Tbe comparison of the
response to the two control laws 18 shown in Figures A-l and A-2.

The bang-bang predictive control loglc ig most easily described with reference
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to tne phase plane of Figure A-3. If the iInltial conditioas are such that

.EE and k*‘E are of the same sign (lst or 3rd quadrants), the gimbal deflection

(CS ) 1s driven to its stop in the direction to make 8 the same sign ay Ve . This
L A wbn

drives the phase planetrajectory into the 2nd or 4th quadrant respectively as

L]
Vg -EELfO (synchroniza=

shown in Figure A-3. In order to drive the trajectory to
tion), the control force must be reversed at the conditions (_b ). The control
reversal condition 1s determined by predictive logic In the flight controls

computer, which predicts in fast time (hence, we call the control law Fastcom)

where the trajectory will go if the gimbal is reversed at, say, (ﬁg_). Since the
predicted trajectory for this condition does not achieve synchronization, another
test is made at (EZH)- The predicted trajectory from jhz)does achleve synchroniza- %
tion and so (.Rg) 1 the proper time to swiltch control polarity. The locus of
switching points (b ) is a unique function of the characteristic of the aerostat; f
the locus shown in Figure A-3 ls for a dirvigible of 200,000 ft3 volume with a stern
mounted propeller. !

The bang=-bang nature of Fastcom iy advantageouw becaurs 1t makes

moximum use of the avallable control force, but it tends'to limit cycle after

completion of the basic maneuver. Thls limit cycling is eliminated by switcninyg
to a linear cuntrol law when the trajectory crosses a switching boundary. Wien
the trajectory 1s outslde of the boundary the system uses the predictive Jopir,

and whan the trajectory is inside the bhoundary the linear control law is used.

PR SN SO S S

AIRSHIP DYNAMICS

To study the effecty of configuration changes, linearized perturbation
equations in turning woment and side force woere used,  The inputs required for
the equations include: K

. tderodynamice coefflcelentu: Cpn, On v , Oy

[ vt B
. mass properties: physical mass (Including helium)
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k- apparent mass
physicul inertia ahout yaw axis
apparent inertia about yaw axis

Table A-1 presents the aerodynamic coefficients and dimensional force,
moment, and damping derivatives estimated for three different aerostat sizes.
These derivatives were estimated by theoretical and empirical methods from
“? several sources, and would need to be verified and corrected to more accurate
i values during the development of an actual aerostat.
E. To evaluate the controllability of various Hi-Spot configurations,
if several flight events were simulated:
1) Response of Hi~Spot to a sidewind while the controls are locked to
l show its weathercock stability.
2) Ability of Hi-Spot to drive initial errors in heading and heading
- rate to zero in still air (shows functioning of Fastcom logic).
@2 3) TLateral distance which Hi-Spot drifte off station in a typical wind

while Fastcom is operating.

4) 'The response of Hi-Spot to a commanded 180 degree turn,
f Weathercock stahility is shown in the response of the 800,000 ft3 Hi-Spot
derigible to a 20 ft per sec step gust, Fig. A<4. In seven seconds, the airship
has reached 63 percent of the final heading change caused by the wind input; the
- response 1s approximately 0.8 damped. These results show that the configuration
has adequate directional stability without artificial damping or other active
- heading controls. However, as sii~ 1 hy couparing Flgures A-4 and A-5, an
active control system reduces the lateral drifts by approximately 77 percent
from that experienced by the vehicle with 1its controls locked.
_§ Flpure A-5 shiows the response of HISPOT when it 1s controlled by the

Fastcom control law. The system produces near optimum performance (minimum time

41

bt

i Ayt s o P Vo Arafi et hoghall o

LR AL O MR it A -
—_—— . T R e — - -




e

Table A-1. HI

Column

Aero data source
Volume-—ft3

F.R.

Length-ft

Dia-ft

Exposed area, 1 fin
Mass=-slugs

Apparent mass-slugs
1,,-sl ft
IZZA-sl ft
CaB

2

SPOT Aerodynamic & Mass Properties Data

1
MMC
200,000
3,33
167

40

715
31.2
60.9
98701,
113,500
+0, 363
-2.166
-0.319
+0,757
+0,1087
-12.29
~0.3143
-14.15
2,15
11.19
74.77
+.071
25.33
60,000

2
MMC
800,000
3,33
274.4
82.33
1813
180
394
1,493,000,
1,527,000,
+0.363
-2.166
-0.319
_0.757
+0,1422
-25.65
~0.3654
-26.21
2.023
20,72
149.65
0.2206
46,93
60,000

3
MMG

912,000

3.33

280

84

1978

205

422,

1,771,000.

1,760,000,

+0,363

-2,166

-0,319

_0.757

_0.3017

55,54

-0.5379

39,39

1.994

29.61

211

0.4556

69.

60,000
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to reach the mode swiiching boundary) in that only two control pulses ai e used.
The overshoot in thrust deflection when heading error reaches 1 degree 1s due
to low damping in the linear mode. The damping can be increased by straight-
forward changes in the control loop. Figure A-6 shows a 912,000 ft3 dirigible
respouding to a 20 ft per sec step pust. Since the response is similar to that

3

shown in Filgure A-5 for an 800,000 £t~ dirigible, the Fastcom control law is

applicable to a broad range of aerostat sizes,

Finally, there is the need to evaluate the capability of maneuvering this
clags of dirigible by the use of Fastcom logic to drive the CG mounted propeller
80 as to execute turns within the specified 50 mile radius of a point on the
ground,

The transfer function of turning rate (A&) in reaponse to rotation (AS)

of the thrust direction around the vertical axis through the CG 1is given by:

Ay _ A%,76NB
Py [Uo(l-Yy Y (1-N)T §°- T(1-N,) YB+NrUO(1-Yy Y] §

+ N Y, o+ N (U -Y))

Inserting the derivatives for the 800,000 ft3 HISPOT flying at 2B kt (46.9 ft
/sec), the steady state turning rate becomes 0,0891 deg per sec, the turning radius
18 30,141 ft (4.96 n mi), and the time to turn 180 degrees at 46,93 ft per sec
(28 ktas) is 2,017 secs (33.6 minutes). The radius and time to turn are large
when compared with conventional dirigibles but are well within the mission
requirements specified for HISPOT. A simulation of this turn is shown in Figure
A-7.

While the HISPOT possesses good directional stability, 1t needs a heading
control to keep it tracking accurately over the ground., This can be done in
crude fasmhion by simply tracking the craft and commanding thrust vector changes
from the ground, or in more sophisticated fashion by providing autonomous onboard
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navigation and heading control, This last approach is illustrated in
Figure A-8, showing a Loran navigation signal coupled to the autopilet.
As ghown in the figure, the Loran system obtains the ground speed and
direction, and compares this vector with the preset position coordinates

to generate error signals to be acted on by the autopilot.
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APPENDIX “B"

AEROSTAT SIZING

Aerostats are sized by specifying the initial altitude, cruise speed,
dash speed, and powerplant type. Inherent in the program are a 200 1b,
800 watt payload; 200 watts additional auxiliary electrical power, and fuel
for 30 days endurance; these can be changed by altering appropriate program
statements, The propram iterates to a solution by assuming an initial weight,
computing the resultant envelope size, powérplant. and all component weights,
then using the sum of the components as the next assumption until the assumed
weight and the component sum differ by only a small amount, The component welphts,

aerostat dimenaions, and selected performance characteristics ara then printed.

The following symbols are used:

2
CD aerostat drag coefficlent, Drag/2 Vc SRef

o
[ ]

hull diameter, ft

D = propeller diameter, ft

h = initial altitude, ft

h = final altitude, ft

HPc = cruise power required, horsepower
HPD w dash power requlred, horsepower

L = hull length, Ft

Np = propeller rotation speed, revolutions/min

Pn » aublent air pressure, l.b/ft2

PH ~ design hull pressure, 1b/ft2

Qp = propeller torque at maximum power, 1lb-ft
_ yll3 2

8 = perostat reference area (V ), ft

T T
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total stabilizing fin area, ft2
hull wetted area, ft:2

specific fuel consumption, 1b/hr/HP

average fuel consumption speed (cruise speed), kt
maximum dash speed, kt

hull volume, ft3 .
total displacement weight, 1b

speed reduction drive weight, 1b
reciprocating engine weight, 1b
gasoline fuel waight, 1lb
regenerative fuel cell weight, 1b
gondola weight, 1b

hull weight (including fins), 1b
displacement helium weight (99% purity), 1b
payload weight, 1lb

liquid hydrogen fuel weight, 1b
electric motor weight, 1b
propeller and hub weight, 1b
equipment. and avionlcs weight, 1b

contingency reserve welght, Ib

Rankine stcam turbine system weipght, 1b

N P N I S )




e - solar cell array weight, 1b

i
& W

W = fual tank weilght, 1lb

T
P = amblent air density, slug/ft3

The ambient ailr pressure and density (assuming standard conditions)
ri are closely approximated by the following functions:
i P, = 2625/exp (h,/21032)

p = ,004052/exp (h1/20746)

[

i The volume displaced by a given weight is
8 V = W/32,17p = 7.7615W exp (h/20746)

f

From Figure 12, the geometric characteristics of the NACA 67030 profile

as a body of revolution are:
3

EE T W

L = 2,9564 v&/
D = .30L

s = 6586 L2

s, . = .11441 L2

5. = 07224 1.2

From a 1Afﬁ:‘curve drawn through the data of Ref, 1, with 25% added
for fin, gondola, and Interference drag, the aerostat drag coefficlent im:

] 1/2
c, = .01926/(pU L)

Assuming a day/night temperature ratio of 1.3, the maximum differential

pressure sustalned by the aerostat envelope is:

. - 2
PH ol .JOPa + B.7526 W/L

The diameter of a propeller that converts B85% of 1its Input power to

thrust is:

b, * 960 L/E;‘"
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The speed at which the propeller must rotate to achieve 85% efficiency
is assumed to be an advance ratio of 0.9, and is:

N, = 112.5 lb/DP

The torque required to turn the propeller at this speed is:
o yl/2, 572
QP W U 122,24 NP

The maximum power that must be produced by the aerostat powerplant is

- 1/2,, 5/2
HP, = 1,457 + W 0,77%/91346

The average crulse power that must be produced by the aerostat power=-
plant ia:

HPC = 1.457 + W

From these equations, the following equations for the component weights

M2y 312151346

are derived:

Helium: wHe - .14663 W .

Hull & Fina: wH =1L PH/873291 + L7/131.1

The first term represents Kevlar 49 yarn at a limit stress of 135,000 pai,
while the second term represents aluminized mylar film and adhesive; fin weight
is proportional to the fin area/hull area ratio; 10% is added for seams and
reinforcements.

Payload: WL = 200

Reduction drive: Wy = .050 QP

1/3
Propeller & hub: wP = 3196 DP[;P(HPD—1.457ﬂ

Powerplants and fuel:

Reciprocating engine: wE = 27.6 HPD'468
Specific fuel consumption: ufc = .437+.95(.50-HPC/HPD)2
Gasoline fuel: Wy = w200 sfe x WP ( 2 - ?ic_’mff_cwf‘ffg)]
1 k) )
Rankine steam system: wa - 10.% HPD
Liquid hydrogen fuel: W =, |460HP, [, 46.0 HP,
L | et e
Wl Wl
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Solar cell systems: wSC = 23,88 HPD

Regenerative fuel cell: wFC = 54,96 HPC

I

Electric motor: wM - 9.0(HPD - 1.457)

The regenerative fuel cell weight assumes 14 hr operation at average
crulse power, 40 lb of onboard avionics, communications, antennas, Instru-
mentation, and so forth, are assumed, plus 1/20 of the propulsion and drlve
syastem allowed for sensors and actuators:

Mg = 40+ O3 (W HA HI WL Wip i)

The fuel tank weight i1s assumed as 1/25 of the gasoline fuel or
1,135 times the cryogenic hydrogen fuel:

WT - .OAWF + 1.135WLH

The gondola welght includes 20 1b for impact attenuator, recovery
system, and suapension, plus 1/25 of all equipment weight as enclosure and
mounting systems, plus the fuel tanks!

W = 20,4, 04 (W, 4U +W +wE+wa+wFC+wM+wq)

A contingency reserve of 10% of all hardware is set aslde as an allowance

for unexpected growth and unconservative assumptions in the weight equations:

WR - .lO(W—W F LH)

Finally, the groas displacement must be the sum of all the component
weights:

W W +wH+wL+wD+wP+wE+wF+wRK+wLH+WSC+NFC+WM+w2+wT+w +w

If this sum does not equal the weight used to derive the envelope volume.

helium weight, power required, etc,, iteration must be .performed.
Finally, us fuel is used, the fixed-volume envelope will ascend to
higher altitude; the final equilibrium altitude will be:
v
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APPENDIX "C"

TECHNICAL CONTACTS
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k5. | Messrs, J. B, Hurley, T. E. Bailey, R. O, Hookway, S. H. Scales, and D, Lyles
of the Martin Marietta Corporation, Denver Division, made valuable technical

i
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vﬁg L. Kolbo
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b i R. D. Reed
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'i‘ J. Nutall
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g 9. Energy Technology, Inc.,, Cleveland, OH !
1 C. G. Martin f
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8 11. Bell Helicopter Division, Textrox Corp., Ft. Worth, TX %
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Princeton, NJ

b Prof. H. C., Curtis

.Q 13. NASA - Lewils Research Center, Cleveland, OH
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